To develop a gene expression-based classifier for neuroblastoma patients that reliably predicts courses of the disease.
INTRODUCTION
Neuroblastoma, a malignant pediatric tumor of the sympathetic nervous system, is the most common solid extracranial malignancy in children younger than 15 years 1 and is characterized by a remarkable heterogeneity of patients' courses. Whereas survival rates of older patients with metastatic disease (stage 4) have remained poor despite extensive efforts, spontaneous regression or maturation of the tumor is frequently found in younger patients with both localized (stage 1 to 3) and disseminated disease (stage 4S) 2 and result in an excellent outcome. Accordingly, therapeutic strategies vary from watchand-wait approaches to intensive chemotherapeutic regimes. To choose the most appropriate form of first-line treatment, clinical trials stratify patients into groups of low (approximately 50% of patients), intermediate (approximately 10%) and high risk (approximately 40%) based on carefully developed combinations of markers with strong prognostic impact. These include tumor stage, 3 patients' age at diagnosis, 4 genomic amplification of the MYCN oncogene (MNA), 5 deletion or imbalance of chromosome 1p (del1p), 6 DNA ploidy 7 and a histopathologic classification proposed by Shimada. However, despite elaborate risk stratification, current trials still fail to determine the best initial strategy for a substantial number of patients, resulting in over-and undertreatment of a yet unknown percentage. Therefore, other markers such as genetic alterations of the chromosomal regions 3p, 11q, 9,10 and 17q 11 or expression levels of candidate genes (eg, TrkA, 12 FYN
13
) have been proposed, but none of them is considered to provide enough additional value to be used in clinical practice, leaving an urgent need for novel risk estimation tools.
For several types of cancers, microarray-based gene expression analyses have been proposed to improve outcome prediction. 14, 15 Regarding neuroblastoma, three recent studies predicted patients' outcome, [16] [17] [18] but either concentrated on small numbers of patients, 16 did not test their classifier in an independent set of patients, 18 or did not compare their classifier's performance with that of present risk stratification. 17 Thus, the clinical value of these classifiers still remains elusive.
In this study, we therefore aimed at constructing a robust gene expression-based classifier that reliably predicts neuroblastoma tumor behavior and may aid physicians in choosing the most appropriate form of first-line treatment.
PATIENTS AND METHODS

Patients
The study comprised 251 patients of the German Neuroblastoma Trials NB90-NB2004, diagnosed between 1989 and 2004. Informed consent was obtained from all patients before this study. Patients' age at diagnosis ranged from 0 to 296 months (median age, 15 months). Median follow-up for patients without fatal events was 4.5 years (range, 0.8 to 15.6 years). Stage was classified according to the International Neuroblastoma Staging System (INSS) 3 ; response to treatment was defined according to the revised criteria of the International Neuroblastoma Response Criteria (INRC). 3 Analysis of chromosomal alterations was performed by fluorescence in situ hybridization as described previously 10 and aberrations were defined according to the guidelines of the European Neuroblastoma Quality Assessment Group.
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For the construction of a gene expression-based classifier, 77 patients with maximum divergent clinical courses were utilized. This first set comprised all patients who, by the end of February 2004 (beginning of the analysis), had died of disease despite cytotoxic treatment and for whom adequate tumor material was available from the German neuroblastoma tumor tissue bank (n ϭ 1 stage 2, n ϭ 2 stage 3 [n ϭ 2 MNA], n ϭ 19 stage 4 [n ϭ 6 MNA], n ϭ 1 stage 4S). Median time to relapse of disease in this subgroup was 1.3 years (range, 0.02 to 2.7 years) and median overall survival (OS) was 1.7 years (range, 0.02 to 5.84 years). Opposed to these, 54 patients who survived event free more than 1,000 days after diagnosis without treatment were randomly selected from the German neuroblastoma tumor bank (n ϭ 28 stage 1, n ϭ 13 stage 2, n ϭ 1 stage 3, n ϭ 12 stage 4S). Median follow-up time for this subgroup was 6.4 years (range, 2.9 to 11.8 years).
To validate the predictive power of the classifier in an independent set, another 174 samples were analyzed (n ϭ 40 stage 1 (n ϭ 2 MNA), n ϭ 32 stage 2 [n ϭ 1 MNA], n ϭ 36 stage 3 [n ϭ 9 MNA], n ϭ 48 stage 4 [n ϭ 9 MNA], n ϭ 18 stage 4S disease [n ϭ 2 MNA]). Three-year event-free survival (EFS) of this second set was 0.75 Ϯ 0.04 and median duration of follow-up of the patients still alive was 3.8 years (range, 0.84 to 15.6 years).
Sample Preparation
Tumor samples were checked by a pathologist for at least 60% tumor content. Total RNA was isolated from 30 to 60 mg of snap-frozen tissue obtained before cytotoxic treatment using the FastPrep FP120 cell disruptor (Qbiogene-Inc, Carlsbad, CA) and the TRIzol reagent (Invitrogen, Karlsruhe, Germany). RNA integrity was assessed using the 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) considering only samples with an RNA Integrity Number of at least 7.5.
Gene Expression Analyses
Gene expression profiles were generated as dye-flipped dual-color replicates using customized 11K olignucleotide-microarrays (Appendix, online only). For each sample, 1 g of linearly amplified Cy3-and Cy5-labeled cRNA, respectively, was hybridized with 1 g of reverse-color Cy-labeled cRNA of a total RNA pool of 100 neuroblastoma tumor samples using Agilent's Low-RNA-Input-LinearAmp-Kit and InSitu-Hyb-Kit-Plus. After washing and scanning, raw microarray data were preprocessed using software packages from the R-project (www.r-project.org) 20 and Bioconductor (www .bioconductor.org). 21 Quality control was performed utilizing the package ArrayMagic. 22 Samples were normalized using the variance stabilization algorithm (vsn) 23 and data from dye-flipped chip pairs were averaged. All raw and normalized microarray data are available at the ArrayExpress database (http:// www.ebi.ac.uk/arrayexpress; Accession: E-TABM-38).
Supervised Class Prediction Analysis
A detailed description of the supervised class prediction analysis is given in the Appendix (online only). In brief, the nearest shrunken centroids method (prediction analysis for microarrays [PAM] 24 ) was applied to the 77 patients with maximum distinct clinical courses (first set) and the classification performance was evaluated by a 10-times-repeated 10-fold cross validation as described previously. 25 As recommended by Li et al, 26 genes frequently selected (Ն 65%) in the classifier training phases of the cross-validation procedure were considered for a final signature and combined with the PAM algorithm to predict the class of the 174 patients of the second set.
Statistical Analysis
Kaplan-Meier estimates for EFS were calculated and compared by logrank test. Recurrence, progression and death from disease were considered as events. For multivariate analysis, Cox's proportional hazards regression model based on EFS was applied. The factors age (continuous), MYCN (normal v amplified), tumor stage (1, 2, 3, and 4S v 4), status of chromosome 1p (normal v deletion/imbalance), Shimada classification (favorable v unfavorable), risk stratification by trials from Germany (NB2004), Japan, 27 and the United States (Children's Oncology Group [COG]) 28 and the PAM classifier were fitted into a stepwise-backward selection. The likelihood-ratio test P value for inclusion was less than .05 and for exclusion more than .10.
RESULTS
Construction and Validation of a Gene Expression-Based Classifier
A comprehensive, neuroblastoma-related oligonucleotide microarray comprising 10,163 oligonucleotide probes (11K) was constructed based on extensive neuroblastoma transcriptome information from different whole-genome expression analyses ( Fig 1A) . Utilizing this chip, we generated 502 gene expression profiles from 251 neuroblastoma tumors and defined a gene expression-based classifier of patients' courses by applying the PAM algorithm 24 to unfiltered gene expression information of 77 neuroblastoma samples from patients with maximally divergent clinical outcome ( Fig 1B) . As estimated in a complete, 10-times-repeated 10-fold cross validation, the classification accuracy was high (99%) and comparable to the German neuroblastoma trial NB97 (97%), according to which these patients had been stratified. Prediction accuracies of current risk markers (stage, age, MNA, del1p, and Shimada) for these patients are depicted in Table 1 . By considering all genes included in at least 65 of 100 training phases of the cross validation, a predictive signature comprising 144 genes was constructed and combined with the PAM algorithm to a prognostic classifier for neuroblastoma patients. 
Predictive Power of the Classifier in an Independent Set
The predictive power of this PAM classifier was compared with risk stratification systems of current international neuroblastoma trials 27, 28 in an independent set of 174 patients reflecting the full spectrum of the disease's courses. According to the criteria of neuroblastoma trials from Germany (NB2004), the United States (COG), 28 and Japan, 27 171, 167, and 173 patients could be stratified and all three classification systems separated patient subgroups with different EFS and OS (NB2004: low-risk (Fig 3) . In a subset of 54 of 174 patients of the second set who were characterized by maximally divergent outcome as defined by the criteria for the training set, the PAM predictor achieved a classification accuracy of 93% (50 of 54), which was comparable to the accuracy of other current markers (Table 2) . LR, low risk (n ϭ 100); IR, intermediate risk (n ϭ 13); HR, high-risk (n ϭ 58); F, favorable (n ϭ 115); UF, unfavorable (n ϭ 59).
Identification of Patients With Unfavorable Prognoses Among Patients Currently Considered Low Risk
Of 100 patients assigned to the low-risk group by the German risk stratification, PAM predicted 90 as favorable and 10 as unfavorable (3-year EFS, 0.86 Ϯ 0.04 v 0.25 Ϯ 0.15; P Ͻ .0001; Fig 4A) . Apart from the significantly diverging EFS of these two subgroups, a remarkable difference in the nature of events was observed between low-risk patients with a favorable and an unfavorable PAM prediction. Whereas six of seven events observed in 10 low-risk patients with an unfavorable PAM classification were metastatic relapses or progressions to stage 4 disease (n ϭ 1 stage 1, n ϭ 3 stage 2, n ϭ 2 stage 4S) resulting in immediate treatment of these patients according to the high-risk protocol, 13 events were noted in 90 low-risk patients with a favorable PAM prediction. Of them, six patients had small locoregional progressions, and another six had stage 4S-related progressions (patients Ͻ 1 year of age with localized disease who progressed to stage 4S disease or progressions of initial stage 4S skin metastases). After no (n ϭ 3) or limited treatment (n ϭ 5 surgery, n ϭ 4 limited chemotherapy), these patients are currently in complete (n ϭ 8) or incomplete (n ϭ 4) remission for 29 to 2,589 days (median, 1,620 days). Only one of 90 NB2004 low-risk patients with a favorable PAM prediction had a metastatic relapse of disease (NB499), and therefore was misclassified.
Similar results with high statistical significance were observed using the COG (n ϭ 75; 3-year EFS, 0.88 Ϯ 0.04 v 0.25 Ϯ 0.15; P Ͻ .0001; Fig 4B) or the Japanese risk group system (n ϭ 97; 3-year EFS, 0.85 Ϯ 0.04 v 0.25 Ϯ 0.15; P Ͻ .0001; Fig 4C) .
Separation of Intermediate-Risk Group Patients Into Subgroups With Divergent Outcome
In both the German (n ϭ 13) and the Japanese (n ϭ 18) intermediate-risk group, no event was noted in patients with a favorable gene expression classification (Germany n ϭ 6, Japan n ϭ 11), whereas six events occurred in seven patients with an unfavorable PAM prediction each (3-year EFS NB2004, 1.00 v 0.57 Ϯ 0.19; P ϭ .018; 3-year EFS Japan, 1.00 v 0.57 Ϯ 0.19; P ϭ .0005; Figs 4D and  4F ). In the intermediate-risk group as defined by the COG trial (n ϭ 33), four events were observed in 26 patients with a favorable PAM classification (n ϭ 1 progression of skin metastasis and n ϭ 3 progression of primary tumor) and all had beneficial courses of the disease with no (n ϭ 3) or moderate chemotherapeutic treatment (n ϭ 1). In contrast, four of seven intermediate-risk patients with an unfavorable classification experienced events and were treated by surgery (n ϭ 1) or intensive salvage chemotherapy (n ϭ 3; 3-year EFS, 0.82 Ϯ 0.08 v 0.71 Ϯ 0.17; P ϭ .0266; Fig 4E) .
Identification of Event-Free Survivors Within Current High-Risk Groups
In 58 patients who were concordantly stratified as high risk by both the German and the Japanese risk-classification systems, a trend towards a significantly differing EFS between favorably (n ϭ 16) and unfavorably predicted patients (n ϭ 42) was observed (3-year EFS 0.81 Ϯ 0.10 v 0.58 Ϯ 0.08; P ϭ .0601; Figs 4G and 4J ). To date, 19 of 42 unfavorably predicted patients had a relapse/progression of disease, and 12 of them died as a result of disease. In contrast, three events occurred in the subgroup of 14 high-risk patients with a favorable PAM prediction (and one died as a result of disease). Similar results were observed applying risk classification according to the COG trial (n ϭ 59; 3-year EFS, 0.82 Ϯ 0.09 [n ϭ 17] v 0.57 Ϯ 0.08 [n ϭ 42]; P ϭ .0386; Fig 4H) .
Multivariate Cox Regression Analysis
In a multivariate Cox proportional hazard regression model of single prognostic markers (age, stage, MYCN, status 1p, Shimada, and PAM) based on EFS, both the PAM classifier (P ϭ .004; hazard ratio (HR), 3.318; 95% CI, 1.428 to 7.708) and the Shimada system (P ϭ .043; HR, 2.284; 95% CI, 1.0002 to 5.205) were significant independent predictors of outcome for the second set of patients (Table 3) . In a multivariate Cox regression analysis with the complete risk stratification strategies of current trials (NB2004, COG, and Japan), the PAM classifier was a superior, independent prognostic marker (P Ͻ .0001; HR, 4.756; 95% CI, 2.544 to 8.893; Table 2 ).
DISCUSSION
As several studies have shown, many recent gene expression-based approaches lacked statistical stringency and therefore presented overly optimistic results 29 or classifiers that are overfitted to the particular set of patients used in a study. 30, 31 Because such effects are in part caused by unspecific information generated by large gene expression profiles, we designed a disease-related chip covering a high percentage of transcripts related to neuroblastoma tumor behavior and a reduced fraction of unspecific probes. Subsequently, we applied a statistically rigid methodology to generate a robust and clinically applicable gene expression classifier from a first set of 77 tumors, representing maximally contrasting subtypes of neuroblastoma. Remarkably, gene expression-based classification of these patients was highly accurate (99%, as estimated by cross validation) and confirmed to be precise in 54 of 174 patients of an independent set that met the criteria of the training set (93%; 50 of 54). In comparison, comparable high crossvalidated prediction accuracies were observed in two recent studies by Schramm et al (77% to 85%) 18 and Ohira et al (89%), 17 suggesting that gene expression analysis could be introduced into future neuroblastoma trials. It should be stressed though, that Ohira et al did not compare their classifier's performance with that of risk stratification of current neuroblastoma trials and that the clinical value of this predictor therefore remains elusive.
In contrast, we show in the present study that our PAM predictor separates patients of current low-, intermediate-and high-risk group (as defined by risk stratification according to current international neuroblastoma trials) into subgroups with divergent outcome. In addition, a remarkable difference in the nature of events was observed in patients with a favorable and an unfavorable PAM prediction, respectively. This effect was most prominent in patients currently considered low risk, in whom an unfavorable gene expression classification was closely associated with metastatic relapse/progression to stage 4 disease (six of seven patients with event), whereas a favorable one was related to stage 4S-related events (six of 13) or locoregional events (six of 13). The finding that 12 of 13 favorably predicted lowrisk patients with event were curable by very limited or no treatment at all raises the possibility that spontaneous regression or maturation would have occurred in all these patients, because a favorable vote by our classifier is based on a gene expression pattern resembling that of long-term survivors who did not receive cytotoxic treatment.
Regarding the significant discrimination of current intermediaterisk patients, it appears reasonable to assume that one potentially very important use of the classifier could be in the context of risk stratification for patients currently considered intermediate risk. However, one has to consider the possible effects of the cytotoxic treatment, because patients in the intermediate-risk group received considerable chemotherapeutic dose intensity. Thus, the question whether therapy could safely be reduced in current intermediate-or even high-risk patients with a favorable gene expression classification needs to be evaluated in a prospective setting. Nonetheless, a favorable PAM classification might reflect an intrinsic ability of neuroblastoma tumors to mature/ regress either spontaneously or after limited treatment; such phenomena were observed in patient NB005, in whom extensive maturation of the tumor justified early withdrawal of further cytotoxic treatment.
Yet, apart from the question how to optimally adjust therapeutic regimens depending on the results of a gene expression classification, the important question is how gene expression-based classifiers can optimally be integrated into current risk estimation systems. On the one hand, the PAM predictor could be combined with other markers such as the Shimada score to form an optimal risk stratification system; on the other hand, the multivariate Cox's regression of the PAM predictor with the complete risk stratification systems of current trials also supports the implementation of the classifier as a stand-alone test at least for certain subgroups (eg, current low-risk patients). These important issues clearly have to be addressed in future prospective studies. In any case, both multivariate Cox regression analyses underline the high degree of prognostic information that is covered by the 144 classifying genes. Analysis of the biologic functions of these genes revealed that (1) many are major players in the process of chromosome segregation or cell cycle regulation (eg, CCNB1, CENPA, MAP7, STK6 etc). Elevated expression levels of this functional group has also been found to be associated with poor outcome in both other tumor entities 32 and neuroblastoma patients with adverse outcome, 33 indicating that upregulation of these processes may describe neuroblastoma tumor progression. (2) A substantial number of genes are involved in apoptosis (eg, NALP1 etc) 34 and/or in the promotion of neuronal differentiation (eg, DST, MAPT, NXPH1 etc). Genes of the latter category have also been observed in all current microarray classifiers for neuroblastoma [16] [17] [18] and universally had higher expression levels in patients with beneficial courses, which could suggest ongoing regression or maturation in these tumors. (3) Several signature genes were reported to be of prognostic impact on their own (eg, NTRK1 ϭ TrkA 12 , SCG ϭ Chromogranin C 35 ) and some were found to contribute to other gene expression classifiers for neuroblastoma (eg, CNR1, 16 AHCY 17 ). However, although similar functional groups of genes contribute to all current gene expression classifiers for neuroblastoma, only little overlap exists between the particular candidate genes for these expression signatures. [16] [17] [18] This could be explained by several factors, such as differences in the set of tumors, the microarray-platforms, or the classifying algorithms used in these studies. Yet, it also has to be considered that several differing sets of predictive genes yielded similar classification results for breast cancer patients. 36 Therefore, the application of rigid statistical methodologies to generate a predictor and the testing of sufficiently large independent sets of tumors appear to be most important factors to warrant higher reproducibility of gene expression-based classification results and to allow for the integration of gene expression-based prediction into clinical trials. 
